The accurate measurement of strain and stress in a tooth is important for the reliable evaluation of the strength or life of gears. In this research, a strain measurement method which is based on image processing is applied to the analysis of strain near the tooth fillet. The loaded tooth is photographed using a CCD camera and stored as a digital image. The displacement of the point in the tooth flank is tracked by the cross-correlation method, and then, the strain is calculated. The interrogation window size of the correlation method and the overlap amount affect the accuracy and resolution. In the case of measurements at structures with complicated profiles such as fillets, the interrogation window maintains a large size and the overlap amount should be large. The surface condition also affects the accuracy. The white painted surface with a small black particle is suitable for measurement.
Introduction
Strength evaluation with high accuracy is demanded on highly reliable design for both strength and life. Accordingly, it is crucial to correctly determine stress and strain distributions near the fillet of a gear loaded with torque. Regarding the experimental evaluation of stress, various methods such as the strain gauge (1) or copper plating method (2) have been put to practical use. Regarding methods of estimating strain by image processing, the photoelasticity method or laser speckle method (1) are known, among others. These methods' respective advantages and disadvantages are summarized in Table 1 ; they are used separately or together according to the purposes of measurement.
Shapes before and after deformation of the measurement object were photographed using a camera; then strain was calculated by comparing the images. The first * Received 13th July, 2006 Tokyo 171-0031, Japan * * * * School of Engineering, Tohoku University, 6-6-01
Aramaki-Aoba, Aoba-ku, Sendai, Miyagi 980-8579, Japan trial of the above measurement took place in studies by Yagawa et al. (3) in 1983. In those measurements, however, it was necessary to make markings directly on a specimen, forming a grid, and a large strain from 1 percent to 10 percent was applied to the analysis object. Consequently, such measurements were unsuitable for accurate measurement; it is difficult to say that the above measurement is readily applicable to practical use. Subsequently, astonishing progress in image processing techniques has occurred concomitantly with the rapid progress of computer performance. Their application to this field, however, seems to be limited to the analysis of striped patterns by the photoelasticity and interference methods (4) . On the other hand, in the field of hydrodynamics, flow visualizing techniques have been attempted from the beginning of the 1900 s. Today, the particle image velocimetry method (5) (PIV) is widely used. In this method, tracer particles mixed in the flow are photographed using a video camera and their movement vectors are calculated.
In such a situation, an apparatus has been developed recently that applies the PIV method to the measurement of a solid. This apparatus is used to photograph the evaluated object under loading as a digital image. It obtains the displacement distribution or the strain distribution according to the change of the image. This apparatus obviates the need for special processing of the measurement object; measurement is carried out without contact to the object. It is applicable to conduct measurements under high-temperature conditions and on machines. In addition, many more advantages can be realized than in conventional measurement methods; Table 1 shows a comparison.
In this paper we describe the application of the strain measurement method based on image processing to strain near a fillet caused by loading of a tooth tip; we show the principles of the measurement method that make it suitable to the fillet shape. The method was subsequently studied to increase measurement accuracy.
Strain Measurement Method
In this study, we used a strain measurement system (Strain Master by La Vision Co.). The measurement object is photographed using a CCD camera with 1 360×1 024 pixels having a white to black gradation of 12 bits; a digitized image is stored in the memory through a video board. Images in the range of 1 280×1 024 pixels among all stored images are used for analysis. The strain distribution is determined according to the flow chart shown in Fig. 1 . First, the image is divided into small squares called the interrogation window. Then, luminosity distributions before and after deformation are compared for every interrogation window. Luminosity distributions move with the deformation. The movement destination, at which the correlation value becomes highest, is sought by the cross-correlation method. Subsequently, the displacement vector is determined in accordance with that information. The strain field is determined by calculating the displacement vector in a neighboring interrogation window by differentiation.
In this apparatus, the shutter speed can be selected in the range from 10 µs to 10 ms. The measurement interval of the screen can be set up in a range of over 0.1 s.
The measurement object is a low alloy steel JIS SCM415 carburized gear having module 5, with the number of teeth being 18 and a face width of 8 mm; to avoid carburization from the flank, the gear was hobbed after copper plating to the blank. A force is loaded on the tooth tip by an electric hydraulic servo test rig. The test tooth is photographed from the side. The rig, test gear and CCD camera are shown in Fig. 2 . A macro-lens of f =105 mm was used for a CCD element size of 8.6×6.9 mm. This is equivalent to an angle of an f =440 mm lens for the 35 mm film size. A still image of the measurement object is shown in Fig. 3 . A cyclic load is applied to the test tooth. Thereby, the maximum stress level at the fillet is 800 MPa; the tooth transformation caused by the loading is stored as moving images. Two frames are extracted from the stored moving images: that when the load is equal to zero and that when the load becomes maximum. Strain is calculated by comparing both frames.
Measurement of Image Strain

1 Strain distribution determined by finite element method analysis
Before measuring the actual image, finite element method (FEM) analysis was carried out to compare with Figure 4 shows a tooth model. The model comprises 1 334 elements with 2 783 nodes using a plain-strain triangle element with six nodes. The load to the tip of the tooth, by which the maximum stress at the fillet becomes 8 00 MPa, was applied as a point load. The distribution of strain ε xx is shown in Fig. 5 . The red and blue sides in the figure respectively represent tension (plus) and compression (minus). Similar color distributions were used for the measurement results; they are shown hereafter.
3. 2 Effects of interrogation window size and overlap quantum. As a feature of the cross-correlation method, when the interrogation window becomes larger, the calculation accuracy to the displacement vector is improved, but calculation points for the displacement vector decrease on the whole image. Consequently, by overlapping the interrogation window up and down and left and right, the calcula- tion accuracy with respect to the amount of movement can be maintained without decreasing the calculation points and without reducing the spatial resolution. A schematic for such overlapping is shown in Fig. 6 .
For an interrogation window sizes of 32×32 pixels and 128×128 pixels, measurement results of strain ε xx are shown for comparison in Fig. 7 (a) and (b). The overlap quantum is 50% in each case. The masking treatment is applied to the background and the load cell. In Fig. 7 (a) , because the interrogation window is small, it is suitable to express the tooth profile, but the interrogation windows indicated with red and blue parts create a complicated image. The parts showing the particular strain field are seen in various locations. On the other hand, in Fig. 7 (b) , a gentle gradation is drawn from the red color to the blue color; thus, an image in which strain changes continuously is confirmed. It is presumed that, in this case, the interrogation window is large and that the calculation accuracy of the displacement vector is high. However, it remains difficult to say that the tooth profile is expressed.
Under the condition of 64×64 pixels and an overlap of 75%, in which a calculation point of the displacement vector corresponds to 32×32 pixels and an overlap of 50% is obtained, the measured strain distribution is shown in Fig. 7 (c) . Under this condition, the tooth profile is expressed well; the strain distribution is also similar to that in Fig. 5 and a good distribution is shown.
The strain distribution along the line connecting positions of the Hofer 30
• tangent point on right and left tooth profiles was evaluated. When that line is taken as the yaxis, y becomes zero on the tooth center line and points of |y|=4.701 mm lie on the tooth profile. The results are shown in Fig. 8 . In this figure, FEM analysis results are shown together with a narrow broken line. The strain values appear to increase and decrease repeatedly under the condition of 32×32 pixels and an overlap of 50%, shown with a dotted line and triangle plots in the figure. The strain distribution was gentle in the case of 128×128 pixels and an overlap of 50%, as shown with a broken line and square plots, but measurement points were few and no However, values near the borderline between the tooth and the background have large errors in the case of 64×64 pixels with an overlap of 75%. In this case, the tooth displacement vector was not detected correctly because the moving tooth becomes indistinct from the still background of the same interrogation window.
3. 3 Effects of surface conditions of measurement object The strain distribution is calculated from the move- Therefore, it is presumed that the surface condition affects measurement accuracy. In measurements described in section 3.2, no surface treatment for the test tooth was carried out. Namely, the tooth has a glossless copper plating face, on which traces of lathe processing remain. The other surface treatments are applied as follows: ( 1 ) Surfaces of normal machine parts resemble those prepared using (1) and (2) . Tracer particles used in the PIV method (5) were similar to those of (3)-(6). Probably because the gear was painted white, the cross-correlation method functioned well by enlarging the difference in brightness by the particles. Graphite particles of (3) were obtained by shaving the surfaces of pencil leads. As Fig. 9 shows, mat white paint was first applied to the gear and then the graphite particles were sprinkled. Subsequently, to fix the particles, clear painting was coated. Regarding the SiC (carborundum) particles of (4)-(6), the size of No.250 was used. To uniformly sprinkle the particles and adjust their density, the clear paint previously mixed with the SiC particles was painted on the tooth side, which had been painted white. This procedure is portrayed in Fig. 10 .
The properties of the above particles are summarized in Table 2 : the mean value, standard deviation of the particle diameter, and density are shown. As this technique is an application of digital image processing, and the range of brightness in one interrogation window affects the cal- culation of correlation coefficient, i.e., displacement vector. Therefore, it is suitable here to express particle size by the number of pixels. Similarly, the number of particles contained in an interrogation window serves as an evaluation index for density. Here, the graphite particles' diameter varies greatly; micro particles, which are so small that area calculation using a microscope is difficult, are not counted. For the SiC particles, in spite of the use of the particles of the same lot, the particle diameters differ because the particles sometimes aggregate with others. Photographs showing situations in which the above treatment was applied are shown in Figs. 11 and 12 .
Measurement results of strain ε xx in the tooth for surface treatments (1) and (2) are shown in Figs. 13 and 14. Results for (1) , in which a number of diffused reflections appeared, and for (2), in which no difference in brightness was observed, show that satisfactory measurements were unobtainable.
Measurement results of the tooth, to which treatments in (3)-(6) were applied, are shown respectively in Figs. 15 and 16. From the latter figure, in the case of sprinkling particles, better results are obtained than from the condition without treatment, shown in Fig. 8 . Its effect is prominent, especially around the boundary between the tooth and the background, because the contrast between the tooth and the background increases as a result of the white paint applied to the tooth. In addition, for these particles, the correlation algorithm functions better and following the amount of displacement becomes easier, thereby increasing the accuracy of the strain measurement.
Quantitative Evaluation of Measurement Accuracy
Measurement results around the fillet obtained by image processing are evaluated assuming that the results of FEM analysis are accurate. For the strain distribution shown in Fig. 16, Fig. 17 shows the ratio of measurement results and analysis results in a depth range of 1 mm from the tooth surface of the tension side, which is apparently important for the tooth bending-strength evaluation. In this evaluation range, the measurement result for the surface on which graphite particles were sprinkled showed the highest accuracy: the error with respect to the FEM analysis result was 9%. In the case of SiC sprinkling (medium density) with the next higher accuracy, the error is 21%. The accuracy is low in the cases of low-density SiC sprinkling and high-density SiC sprinkling. Presumably, the measurement surface color became one shade of white in the former and a single shade of black in the latter. For this reason, the correlation algorithm did not function well because of the consequent high contrast and slight gradation between light and dark areas of the image. The value ofē expressed in Eq. (1) was defined as an evaluation value to show the measurement accuracy in a wide range. The strain value measured in each interrogation window was denoted as ε im i ; the calculation result by FEM at the same position was designated as ε f em i .
The absolute values of the difference between those results were averaged.
Equation (1) was applied to measurement results of the strain distribution shown in Fig. 16 . Then the effects of particle density on accuracy were investigated. The results are shown in Fig. 18 . For the interrogation window size of 64×64 pixels, suitable accuracy was obtained by arranging about 50 particles per interrogation window. On the other hand, accuracy decreases whether density is too high or low because, as described in the above, the measurement surface color becomes one shade of white or black. In comparison with the graphite-particle-sprinkled surface, which showed the highest accuracy in Fig. 17 , the error of the surface treated by SiC sprinkling (mediumlevel density) was only slightly lower. Presumably, the measurement error in this measurement was small for the SiC sprinkled surface around the center of the tooth profile, at approximately −2 mm < y < 2 mm. The effect of particle diameter on measurement accuracy is shown in Fig. 19 . The standard deviation of the measured particle diameter is expressed with the error bar. Regarding the glossless copper plating face of the untreated surface, on which traces of lathe processing remained, the pitch of lathe processing traces was assumed as the particle diameter and were plotted together. The figure shows that the particle diameter also influences the measurement accuracy: the highest accuracy was obtained using particles with diameters of approximately 5 pixels ( 70 µm).
As described in section 3.3, particle density and particle diameter should be evaluated by the number of image pixels in the digital image. Accordingly, under measurement conditions with different photographic magnifi- cations, suitable values of density and particle diameter are shown in Fig. 20 . The long-side dimension (mm) of the photograph screen is used for the horizontal axis, and particle density (pieces/mm 2 ) and particle diameter (mm) are used for the longitudinal axis. As a subscale of the horizontal axis, the module of the photographed tooth has the same size, as shown in Fig. 3 . In cases where measurement objects are different, it is recommended that particle density and particle diameter will be determined using this figure.
Summary
In this study, the strain near a tooth fillet was measured using a strain measurement apparatus on the basis of image information. The obtained results are as follows:
( 1 ) A smaller interrogation window is suitable for the gear profile, but features of the correlation method decrease the detection ability for the amount of displacement, in other words, the strain measurement accuracy.
( 2 ) A larger interrogation window is appropriate for maintaining the measurement accuracy of the amount of displacement, but it cannot represent the tooth profile because of the lower spatial resolution. ( 4 ) From (1), (2) and (3), an interrogation window of 64×64 pixels and an overlap value of 75% are inferred to be best under this measurement condition.
( 5 ) A uniform painting surface and a smooth metal surface are unsuitable for measurement.
( 6 ) For surfaces on which black particles were sprinkled on a white background, tracking of the movement is easy and strain measurement accuracy is high.
( 7 ) Particle diameter and particle density affect the measurement accuracy. The best results were obtained with a particle diameter of about 5 pixels and a particle density of 50 pieces/64×64 pixels.
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